Using calculations from first principles, we show how the structural and electronic properties of epitaxial graphene on 6H-SiC(0001) are determined by the geometry and the chemical functionalization of the interface region. We also demonstrate that these properties can be correctly captured only if a proper treatment of the van der Waals interactions is included in the theoretical description based on density functional theory. Our results reproduce the experimentally observed n-type doping of monolayer epitaxial graphene and prove the possibility of opening a sizable (150 meV) energy gap in the bilayer case under special growth conditions. Depending on the details of the bonding at the interface, we are able to interpret recent experimental observations and provide a clear insight into the mechanisms of charge transfer and interface stability.
Using calculations from first principles, we show how the structural and electronic properties of epitaxial graphene on 6H-SiC(0001) are determined by the geometry and the chemical functionalization of the interface region. We also demonstrate that these properties can be correctly captured only if a proper treatment of the van der Waals interactions is included in the theoretical description based on density functional theory. Our results reproduce the experimentally observed n-type doping of monolayer epitaxial graphene and prove the possibility of opening a sizable (150 meV) energy gap in the bilayer case under special growth conditions. Depending on the details of the bonding at the interface, we are able to interpret recent experimental observations and provide a clear insight into the mechanisms of charge transfer and interface stability. the first demonstration of its use in lithographically patterned devices in 2004 2 dramatically revamped the interest in this material and has paved the way to potential new classes of applications for innovative nanoelectronics. 3, 4 Advances in the understanding of epitaxial growth of graphene on SiC, which is the substrate of choice for microchip design, have the potential to revolutionize the semiconductor road map for future decades. 5, 6 Epitaxial graphene on SiC is obtained by the sublimation of Si atoms either from the (0001) surface (Si-face) or from the (0001) surface (C-face) of 6H-or 4H-SiC polytypes. Si sublimation is achieved by annealing the SiC sample in ultrahigh vacuum (UHV) conditions or at moderate vacuum conditions in the presence of a background gas such as Ar. 7, 8 The growth of epitaxial graphene on the Si-terminated face (0001) is characterized by the presence of an intermediate carbon layer (the "buffer layer") that screens most of the effect of the substrate. [9] [10] [11] On the C-terminated face, the situation can be quite different depending on the conditions of growth: Hass et al. 12, 13 have reported a strongly interacting first C-layer, i.e., a buffer layer on C-face, which is similar to the observation made on the graphene/SiC(0001) interface. On the other hand, a weakly bound or decoupled graphene layer is reported by many other groups. [14] [15] [16] Moreover, different growth conditions can lead to different graphitic stacking sequences in multilayered samples: AA, 15 AB, 17 and, most frequently, misoriented (turbostratic) 18 layers have been observed. Such structural differences are paralleled by an equally broad spread in the electronic structure characteristics: de Heer et al. reported that C-face epitaxial graphene is n-doped with the Dirac point approximately 300 meV below the Fermi level, 7 while Emtsev et al. reported this value to be 200 meV. 19, 20 p-doped epitaxial graphene on the C-face has also been reported. [21] [22] [23] Although some of these observations might be biased by uncontrollable ambient conditions, a deeper understanding of the interplay between structure and properties of the graphene/SiC(0001) interface is of paramount importance.
While the electronic and structural properties of the graphene/SiC(0001) interface have been the subject of many theoretical investigations, 9 ,11 very few studies have been devoted to the understanding of the properties of the graphene/SiC(0001) system 10, 24 and the results are not always in agreement with the available experimental observations. Here, we use calculations from first principles based on density functional theory (DFT) to study the graphene on SiC(0001) surface. One common limitation of the DFT calculations is the inability to describe the long-range van der Waals (vdW) forces, which is an essential component of the interaction in layered systems. In this paper, we demonstrate that only by taking vdW interactions into account, one can correctly describe not only the geometry, but also the electronic structure of epitaxial graphene on the SiC(0001) surface.
The paper is organized as follows. In Sec. II, we discuss the geometry of the interface and give the technical details of our calculations; in Sec. III A, we discuss the importance of the inclusion of dispersion forces in determining correctly the electronic and structural properties of the graphene/SiC system; in Sec. III B, we elaborate on the structural and electronic modifications induced by a change in the interfacial chemistry; and in Sec. III C, we discuss the case of bilayer graphene. We conclude with some final remarks in Sec. IV.
II. METHODOLOGY
On the Si-terminated surface of SiC, a thermal annealing process results in a √ 3 × √ 3R cos(30 • ) (R3) surface reconstruction followed by a 6 √ 3 × 6 √ 3R cos(30 • ) (6R3) reconstruction. Since the periodic unit cell for the 6R3 structure is large and computationally expensive to simulate, the R3 model has been used for most calculations irrespective of the residual 7% mismatch between the R3 cell of SiC and the 2 × 2 cell of graphene. This model correctly reproduces the experimental observations for graphene on SiC(0001), such as the presence of a strongly bonded buffer layer and an electron-doped first graphene layer. 9, 11 Even though the R3 model is compatible with the C-face termination of SiC, it does not seem to correctly reproduce the experimentally observed reconstructed structures either for the geometry or for their electronic properties. 10 STM data show that the sublimation on the C-face starts with a 3 × 3 surface reconstruction, which later evolves into a (2 × 2) C reconstruction.
14 In order to follow the experimental observation, we have adapted the atomistic model proposed by Seubert et al. 25 and later used by Magaud et al. 24 for investigating the C-face epitaxial graphene. In the (2 × 2) C reconstructed model proposed by Seubert et The top position only saturates one dangling bond, and it is clearly unfavorable. Between H3 and T4, H3 is found to be energetically more stable. In the H3 adatom configuration, there are still two unsaturated dangling bonds, one on the Si adatom and the other on the unbound C atom, "the rest atom" (see Fig. 1 ). On the reconstructed SiC(0001) surface, the difference in electronegativity between Si and C induces a charge transfer from the Si adatom to the C rest atom, which is responsible for the surface states observed in the band structure of the combined graphene/SiC system and the pinning of the Fermi energy at the interface [see Sec. III B and Fig. 4 (a) for a more detailed discussion]. To minimize residual strain due to lattice mismatch between graphene and the SiC surface, a 5 × 5 graphene cell is overlaid on a 4 × 4 SiC cell with (2 × 2) C surface reconstruction. This geometry reduces the lattice strain to less than ∼1%.
All the calculations are performed in the framework of DFT as it is implemented in the quantum-ESPRESSO package. 26 We have used a 3 × 3 × 1 Monkhorsk-Pack grid for Brillouin zone integration, 20-24Å vacuum region to separate the slabs, and the geometries have been optimized to forces less than 0.025 eV/Å. In our choice of exchange and correlation functionals, we used both the local density approximation (LDA) (with 65 Ry energy cutoff for the plane-wave expansion) and the generalized gradient approximation (GGA) in the Perdew-Burke-Ernzerhof (PBE) form (40 Ry energy cutoff). 27 It is well known that local or semilocal approximations for the exchange and correlation energy (either LDA or GGA) in DFT fail to account for vdW interactions completely and that the quantitative agreement that one sometimes finds in the description of the bonding in layered systems (such as in graphite) using LDA is due to a fortuitous cancellation of errors that can not be taken as systematically correct for any graphene-based systems. We have included vdW interactions in our calculations for the GGA exchange and correlation functional using an empirical potential of the form C 6 R −6 added to the regular density functional energy [GGA(D)] as proposed by Grimme et al. 28 and recently implemented by Barone et al. 29 in the quantum-ESPRESSO code. Magaud et al. have investigated the properties of the C-face epitaxial graphene with the same model within GGA approximation, with no vdW interactions. 24 In this paper, we demonstrate the importance of vdW interactions in these loosely bound layered systems.
III. RESULTS AND DISCUSSION
A. Effect of long-range dispersion forces on the geometry and the electronic structure of the interface
In order to quantify the effect of the inclusion of vdW forces on the interface structure and electronic characteristics, we optimized the geometry of the graphene/SiC system using LDA, GGA, and GGA(D). Table I summarizes the geometrical parameters of the optimized geometries in the three cases, while the corresponding electronic bands are presented in Fig. 2 . In GGA, the average distance between the Si adatom and the graphene layer is ∼3.29Å, whereas this distance is 2.64Å in LDA and 2.61Å in GGA(D). LDA and GGA(D) give remarkably similar results, an indication that the cancellation of errors in LDA is indeed reproducing the more accurate GGA(D) results. The same similarity is observed in the electronic band structure [shown in Figs. 2(a) and 2(c) ]. Both LDA and GGA(D) produce an electron-doped graphene layer with the Dirac point lying ∼0.35 eV below the Fermi level. In contrast, GGA results in a neutral graphene layer [ Fig. 2(b) ] that is in agreement with previous calculations. 24 The ripples in the C layer (reported in Table I ) are not strong enough to destroy the π orbital network in the graphene layer in any of the three systems. According to the results shown in Fig. 2(c) , there is no evidence for the presence of a strongly bound layer or a buffer layer. In fact, the first C layer on the (0001) surface shows graphenic properties in contrast to the buffer layer on the Si face, and epitaxial graphene on SiC(0001) is electron doped as the experiments suggested. The n-doped behavior is hidden when the vdW interactions are not included in the calculation. 24 The electronic bands near the Fermi level are identified as dangling bond states of the C rest atoms [see Fig. 4(a) ]. Si adatom dangling bond states are empty and lie around 1 eV above the Fermi level.
B. Effect of interfacial chemistry
The existence of dangling bond states at the interface suggests the possibility of passivation induced by external chemical species during the growth process. We have considered two prototypical cases: a half-passivated and a fully passivated interface. Only the C rest atoms are passivated in the half-passivated interface, leaving a dangling bond on the Si adatoms. The C rest atom-passivated system is 4.9 meV (per C atom in the graphene layer) more favorable than the Si-adatom-passivated system. Both the Si adatoms and the C rest atoms are passivated with H in the fully passivated system. The differences among the three configurations are striking: In the unpassivated interface, the graphene layer maintains its individuality although it becomes n-doped; in the half-passivated system, the graphene-Si adatom interaction is so strong that the graphene binds strongly with the substrate, giving rise to a buffer layer similar to what happens for the growth on the Si-terminated face; finally, the fully passivated system shows a completely decoupled graphene layer with the ideal Dirac band dispersion.
Our results are summarized in Fig. 3 , and the parameters describing the three optimized geometries are tabulated in Table II . In the half-passivated case, the passivation of the C rest atom prevents the Si-C charge transfer that occurs in the unpassivated interface. Thus, the Si dangling bond states become half-occupied and interact strongly with the C atoms of the graphene layers. The average distance between the Si adatoms and the graphene layer shortens considerably, ∼2.28Å, and the graphene layer shows a higher degree of vertical deformation with an average ripple width of 0.5Å. Since the graphene layer now lies closer to the substrate, the interaction between the Si adatoms and the C atoms disrupts the sp 2 hybridization of the π orbital network and the linear band dispersion at the Dirac point [ Fig. 4(b) ]. Once the interface is fully passivated with H, the graphene layer effectively decouples from the substrate with a separation of 3.8Å (with a negligible 0.1Å ripple width), and therefore shows neutral graphene characteristics as shown in Fig. 4(c) .
These results can, in part, explain the wide range of variation of the electronic properties observed during growth of graphene on the C-face. In particular, depending on the experimental conditions, passivation might occur and give rise to samples that can, in turn, be neutral or n-doped, and with a geometry that can vary between fully decoupled or completely distorted by interface bonds (buffer layer).
C. Bilayer graphene on SiC(0001)
The effect of the inclusion of vdW forces in the calculations is even more pronounced in the case of bilayer graphene, where the intralayer interactions of the two graphene planes add to the stability of the interface. When more than one layer of graphene is grown on SiC(0001), the stacking of the layers can also vary depending on the growth conditions: the observation of islands of Bernal stacking (AB), 17 AA stacking, 15 and of distorted (turbostratic) 18 sequences have been reported in the literature. While it is important to investigate the properties of turbostratic stacking sequences, 31, 32 in this paper we focus on the comparison between AA and AB geometries. Only little has been done on the theoretical side on more than one C layer on the SiC(0001) surface, and indeed we are aware of only few studies where different hexagonal stacking sequences have been characterized on the unrealistic R3 reconstruction. 10, 15 Table III compares the interlayer distance 1 and the Si adatom/first-C-layer distance 0 for various interface configurations. Similar to the monolayer case, the shortest Si adatom-graphene distance and the higher ripple width are found in the half-passivated system, where the strong interaction between the Si dangling bond state and the first graphene layer determine the geometrical structure.
Of course, different geometries induce different electronic behaviors. In we analyze the effect of the layer ordering on the electronic properties of the systems. In both the unpassivated and fully passivated cases, we observe a marked distinction between the AB and AA stacking, although the difference in their relative stability is negligible (in all configurations, the AB stacking is energetically slightly more favorable by a few meV/C atom).
In the ideal suspended graphene geometry, the AB stacking causes a symmetry breaking that induces an inequivalence of the C atoms in the benzene rings. This inequivalence is responsible for the opening of a small energy gap. On the other hand, in the AA stacking sequence, this symmetry breaking does not take place and the two graphene planes are effectively independent and display a typical double Dirac cone structure. When grown epitaxially on SiC(0001), the bilayer maintains some of its ideal characteristics. This is better observed in the case of the fully passivated interface, where the degree of decoupling between the bilayer and the substrate makes the system behave almost as in the ideal case. The AB geometry [ Fig. 5(e) ] displays a small energy gap (of the order of a few meV), while the AA system [ Fig. 5(f) ] shows evidence of the double Dirac cone structure. It is important to note, though, that the Fermi energy is lower than the Dirac point energy, so that the bilayer is effectively p-doped.
The situation changes drastically in the unpassivated case: The AB bilayer [ Fig. 5(a) ] electronic structure displays a large (∼150 meV) energy gap that is induced by the fact that the first graphene layers screen only partially the effect of the substrate on the second layer, thus, enhancing the intralayer interaction and the symmetry breaking between the two inequivalent Dirac points of the two layers. The system is still n type with the Fermi level pinned by the C rest atom interface states. On the contrary, in the AA stacking sequence [ Fig. 5(b) ], the electronic bands show a higher degree of decoupling and display the typical double crossing of the Dirac cones, with only a negligible band-gap opening. Finally, in the half-passivated system [Figs. 5(c) and 5(d)], the top layer behaves effectively as a single graphene layer on a C buffer, a situation that reminds again of the Si-face growth geometry. In both layer orderings, the graphene is n type.
IV. CONCLUSIONS
In summary, we have investigated the properties of epitaxial graphene on SiC(0001) surface with the Si adatom reconstructed model of Seubert et al. and we have demonstrated the importance of the inclusion of van der Waals interactions in determining the correct equilibrium geometries and their electronic properties. Our analysis of interfacial chemistry and passivation of the interface shows how the n-type behavior of the system and the relative band alignment between SiC and graphene can be varied, and provides an insight into the reason why experimental observations can give different results depending on the sample growth or other environmental conditions. 33 
